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Strong emotion and mental stress are now recognized as playing a signiﬁcant role in
severe and fatal ventricular arrhythmias. The mechanisms, although incompletely under-
stood, include central processing at the cortical and brain stem level, the autonomic nerves
and the electrophysiology of the myocardium. Each of these is usually studied separately
by investigators from different disciplines. However, many are regulatory processes which
incorporate interactive feedforward and feedback mechanisms. In this review we consider
the whole as an integrated interactive brain–heart system.
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“Died of fright” and “worried to death” are amongst many col-
loquial expressions that testify to the long held belief that strong
emotions may precipitate sudden cardiac death. Until relatively
recently such a notion has been largely conﬁned to the realms of
anecdote, however, there is now substantial and compelling evi-
dence linking mental and emotional stress with arrhythmias and
sudden death.
EMOTION AND SUDDEN ARRHYTHMIC DEATH
History is replete with anecdotal examples of an emotionally
charged event followed almost immediately by the death of the
person(MauckandHockman,1967;Engel,1971).Anoftenquoted
example are the words of the surgeon John Hunter, who col-
lapsed and died following a heated board room meeting: “My
life is at the mercy of any scoundrel who should put me in a
passion” (Williams and Edwards, 1968). Population studies have
shown an increase in the incidence of sudden death at times of
heightened psychological stress such as natural disasters or wars
(Trichopoulos et al., 1983; Meisel et al., 1991; Leor et al., 1996;
Steinberg et al., 2004a). Studies in animal models and humans
support the contention that emotion is an important factor in
arrhythmogenesis,forexample:laboratorystudiesinanimalssug-
gest that strong emotions such as anger may be a potent cause of
ventricular ﬁbrillation (Skinner and Reed, 1981; Verrier, 1990);
studies in humans show that emotion may inﬂuence the ease
of arrhythmia induction and termination (Lampert et al., 2000)
and several studies have shown that emotion may inﬂuence ECG
measures of ventricular repolarization known to be important
in arrhythmogenesis (for example: Toivonen et al., 1997; James
et al., 2000; Kop et al., 2004; Taggart et al., 2005; Lampert et al.,
2009).
However, the mechanisms by which emotion may destabilize
cardiac electrophysiology and initiate ventricular arrhythmia are
at present incompletely understood. It is generally considered
that both the spatial and temporal patterns of autonomic input
to the heart play a key role together with altered myocardial
electrophysiological parameters as a result of disease. There is
now emerging evidence that central neural processing of emo-
tions may also play an important role (Zipes and Rubart, 2006;
Coote, 2007). In this review we will therefore consider the possi-
ble role of emotion and mental stress in arrhythmias and sud-
den death in the context of an interactive brain–heart system
(Figure 1).
SPATIAL AND TEMPORAL PATTERNS OF AUTONOMIC INPUT
TO THE HEART
SYMPATHO-VAGAL BALANCE
Thetwocomponentsof theautonomicnervoussystemusuallyact
in a reciprocal fashion on target organs in keeping with the con-
cept of opponent processing which is generally considered to be a
fundamental functioning principle of autonomic control. In gen-
eral,in the ventricles,enhanced sympathetic stimulation is proar-
rhythmic while enhanced parasympathetic activity is protective
(Schwartz, 1984; Schwartz and Zipes, 2004). Notable exceptions
include the long QT3 syndrome and Brugada syndrome (BrS)
where the opposite may be the case and arrhythmias are com-
monly induced by parasympathetic activity,although it is difﬁcult
to separate increased vagal activity from decreased sympathetic
activity. The proarrhythmic potential of sympathetic stimulation
has been established in a wide range of experimental models
including an isolated heart preparation with autonomic nerves
intact (Ng et al., 2007) and selective stimulation of sympathetic
and parasympathetic nerves in vivo (Myers et al., 1974; Verrier
et al., 1974; Podrid et al., 1990; Vanoli et al., 1991). Depressed
vagal responsiveness was a risk factor for ventricular ﬁbrillation
duringexerciseinducedenhancedsympatheticactivity(La Rovere
et al., 1998). The clinical antiarrhythmic beneﬁts of stellate gan-
glion section and β-adrenergic blockade are well known (Gottlieb
et al., 1998; Schwartz and De Ferrari, 2011). The balance between
sympathetic and parasympathetic activity is not a simple see–saw
effectasco-activationalsooccurs(KoizumiandKollai,1981;Zipes
and Miyazaki, 1990; Paton et al., 2005).
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FIGURE 1 |The theme of this review is to consider the brain and heart
as an interactive unit and its role in the generation of ventricular
arrhythmias. Key components are (1) the electrophysiological changes
occurring in the myocardium as a result of autonomic nerve stimulation; (2)
the modulatory role of the sympathetic and parasympathetic nerves which
tend to oppose and balance each other (3) central neural processing of
emotional input and afferent input from the heart and circulation.
Sympathetic nerve stimulation acting through β-adrenergic receptors
inﬂuences a number of ion channels and transporters in cardiac myocytes.
These effects include an increase in inward calcium current ICa and
decrease in outward potassium current Ik, thereby tending to lengthen and
shorten action potential duration (and refractoriness) respectively.
Sympathetic stimulation favors the formation of both early after
depolarizations (EAD) and delayed after depolarizations (DAD).These effects
may be proarrhythmic as a result of triggered activity and/or modulation of
refractoriness.
SPATIAL AND TEMPORAL PATTERNS OF AUTONOMIC INPUT
Based on a wide range of asymmetric behavior of left and right
cerebral hemispheres, Lane and Jennings proposed the “brain–
heart laterality hypothesis” (Lane and Jennings, 1995; Lane et al.,
in press; Figure 2). This hypothesis maintains that lateralization
of emotional processing in the cortex is conveyed ipsilaterally
through the brainstem to the autonomic nerves which in turn
are distributed asymmetrically in the ventricular myocardium.
An increase in the naturally occurring spatial inhomogeneity of
repolarization facilitates the development of re-entrant arrhyth-
mias (Wu et al., 2004). The left and right autonomic nerves are
FIGURE 2 |The two components of the autonomic nervous system,
the sympathetic nerves and parasympathetic (vagus) nerves tend to
act in a reciprocal manner such that, for example, an increase in
sympathetic activity is accompanied by a decrease (or lesser increase)
in parasympathetic activity. Evidence suggests that the right cerebral
hemisphere is predominantly concerned with negative emotion and
sympathetic activity, whereas the left hemisphere is predominantly
concerned with positive emotion and parasympathetic activity. Autonomic
nerve trafﬁc from the brain to the heart is mainly ipsilateral between the
brainstem and heart.There is also some degree of lateralization of the
distribution of the right and left autonomic nerves on the heart.These
considerations form the basis for the laterality hypothesis whereby central
neural processes may be represented asymmetrically on the heart and
thereby induce inhomogeneous repolarization and be proarrhythmic.
asymmetrically distributed over the ventricles, although knowl-
edgeof theanatomyof theafferentnervesissparsecomparedwith
knowledge on the efferent pathways. Despite an extensive extrac-
ardiac anastomotic plexus (Pauza et al., 2000, 2002; Armour and
Ardell,2004),functional autonomic asymmetry exists in response
toselectiveautonomicnervestimulation,withatrendforleftsided
neural innervation of the postero-inferior aspect and left ventri-
cle and right sided neural innervation of the anterior aspect and
right ventricle, albeit with substantial overlap (Levy et al., 1966;
Yanowitz et al., 1966; Randall and Ardell, 1990). Another study
in dogs showed that right and left stellate ganglion stimulation
andblockinducedregionalwallmotionchangeswithsimilargeo-
graphic distribution (Schlack and Thamer, 1996). It should be
underscored, however, that the interindividual differences in the
left–righteffectsaresubstantialindogs(Opthofetal.,1991).Selec-
tivestimulationofstellateganglionnervebrancheshasbeenshown
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to exhibit functional regionality (Kralios et al., 1975). Myocar-
dial infarction may result in areas of denervation some of which
mayexhibithypersensitivitytocirculatingcatecholamines.Nerves
which have been interrupted by ischemia/infarction may undergo
regrowth referred to as nerve sprouting, resulting in patchy areas
of hyperinnervation (Chen et al., 2001; Schwartz, 2001; Chen
and Chen, 2004; Zhou et al., 2004). These processes promote
electrophysiological inhomogeneity as a result of inhomogeneous
autonomic effects and facilitate arrhythmogenesis.
REFLEX MODULATION OF SYMPATHETIC AND PARASYMPATHETIC
INPUT
Several reﬂexes exist which regulate autonomic efferent input
to the heart in response to afferent information from mechano
or chemoreceptors in the myocardium, thoracic blood ves-
sels, and lungs. The baroreﬂex regulates the balance of sympa-
thetic/parasympathetic neural input to the heart in response to
central pressure/volume changes leading to deformation of the
aorticandcarotidbaroreceptorsinordertomaintainhomeostasis.
Mechanical or chemical stimulation of the postero-inferior aspect
of theleftventriclemayresultinenhancedparasympatheticactiv-
ity while stimulation of the anterior aspect may induce enhanced
sympathetic activity (Malpas,1988; Hainsworth,1991; Longhurst
et al.,2001).
Recentlyevidenceisemergingforanafferent–efferentfeedback
loop interacting with higher brain centers than the vasomotor
center in the medulla oblongata. In a study using PET imag-
ing in patients with heart disease, mental, and physical stress
caused a right lateralized shift in dorsal pons and midbrain activ-
ity (Critchley et al., 2005) associated with enhanced sympathetic
drive to the heart [estimated from heart rate variability (HRV)
measurements] and potentially proarrhythmic changes in cardiac
repolarization. This was compatible with a stress-related lateral-
ized relay between cortex and heart. We retested this notion using
electroencephalography in cardiac patients during mental stress
paradigms. This study measured an electrical waveform in the
electroencephalogramknownasthecardiacevokedpotential,con-
sidered to represent afferent sensing of the heart beat. The results
suggested a dynamic interplay between cortical brain regions and
a feedback loop from an abnormal heart with possible implica-
tionsforbrainmechanismsof stressinducedsuddencardiacdeath
(Gray et al.,2007).
SYMPATHETIC STIMULATION; BETA ADRENERGIC
SIGNALING
Sympathetic stimulation acting through β-adrenergic receptors
may be proarrhythmic through a number of mechanisms (Stein-
berg et al., 2004b). As shown in (Figure 3), binding of an agonist
to the receptor results in activation of a G-protein (Gs), the
consequent activation of adenylate cyclase (AC), the consequent
elevation of the intracellular level of cyclic adenosine monophos-
phate (cAMP), and the consequent activation of protein kinase
A (PKA). The elevation of cAMP will directly activate the funny
current, If: cAMP binds to funny (HCN) channels, resulting in
a depolarizing shift of the If activation curve; this can result in
greateractivationof If atdiastolicpotentials(DiFrancesco,2010).
HCN channels are pacemaker channels. HCN1 and HCN4 are
preferentially expressed in pacemaker tissues – not only the sinoa-
trial node, atrioventricular node, and His-Purkinje system, but
also the atrioventricular ring tissues and retroaortic node (Yanni
etal.,2009).However,HCN2andHCN4areexpressedinworking
myocardium (Stillitano et al., 2008). Furthermore, expression of
HCN channels in working myocardium is upregulated in heart
failure and atrial ﬁbrillation (AF; Lai et al., 1999; Stillitano et al.,
2008). Activation of If is potentially proarrhythmic by facilitating
ectopic pacemaker activity.
However, the activation of PKA results in the phosphorylation
of many other targets (Figure 3). PKA phosphorylates a range
of ion channels resulting in an increase in the Na+ current (INa);
(Wangetal.,2009)L-typeCa 2+ current(ICa,L)andtheultra-rapid
and slow delayed rectiﬁer K+ currents (IK,ur and IK,s; Yue et al.,
1999; Lei et al., 2000). PKA phosphorylation also results in an
increase in Na+–Ca2+ exchange current (INaCa; Perchenet et al.,
2000) and it has complex effects on Na+–K+ pump current (Ip
or INaK in Figure 3; Gao et al., 1996). β-adrenergic stimulation is
known to increase the amplitude of the action potential plateau,
but hasten repolarization and shorten the action potential dura-
tion. The increase in ICa,L accounts for the former effect and the
increase in IK,ur and IK,s the latter effect. There is strong evidence
thatrepolarizationgradientsintheventriclescreateasubstratefor
reentry. The effects of β-adrenergic stimulation on repolarization
may facilitate arrhythmogenesis by enhancing the inhomogeneity
of repolarization and refractoriness in the ventricles, especially in
the border zone of infarcts or with regional ischemia,and so facil-
itate arrhythmia by reentry (Schwartz and Zipes, 2004). Recent
evidence suggests that action potential duration restitution prop-
erties are also important in arrhythmogenesis; a steepening of
the restitution curve is proarrhythmic (Coronel et al., 2009). In
this regard it is of note that β-adrenergic stimulation has been
shown to steepen the restitution curve in humans (Taggart et al.,
2003).
Protein kinase A also phosphorylates targets concerned with
intracellular Ca2+ handling (Figure 3). Effects on ICa,L and INaCa
have already been mentioned. In addition, PKA phosphorylates
troponinI,therebydecreasingtheCa2+ sensitivityof thetroponin
complex (Ramirez-Correa and Murphy, 2007). The effect of this
is to decrease the sensitivity of the contractile machinery to intra-
cellular Ca2+, but more importantly to facilitate the release of
Ca2+ from the myoﬁlaments and in this way hasten relaxation
(Ramirez-Correa and Murphy, 2007). PKA also phosphorylates
phospholamban,releasing its inhibition of the sarcoplasmic retic-
ulum (SR) Ca2+ pump, SERCA2 (Ramirez-Correa and Murphy,
2007). As a consequence, Ca2+ uptake into the SR is accelerated
and this too hastens relaxation (Ramirez-Correa and Murphy,
2007). The increase in ICa,L as well as the activation of SERCA2
is also expected to result in an increase in the Ca2+ content of
the SR and if “Ca2+ overload” occurs this is expected to result in
an increase in spontaneous releases of Ca2+ from the SR (mani-
fested as Ca2+ sparks and waves). Such an increase in Ca2+ sparks
and waves with β-adrenergic stimulation has been observed in rat
ventricular myocytes by Venetucci et al. (2006). This is impor-
tant for arrhythmogenesis, because Ca2+ sparks and waves can
resultinactivationof inwardINaCa andinductionof delayedafter-
depolarizations (DADs; Heijman et al., 2011). If suprathreshold,
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FIGURE3|S c hematic representation of β-adrenergic signaling in
cardiomyocytes. Sympathetic stimulation and the consequent
neurotransmitter release initiates the β-adrenergic signaling cascade
in cardiomyocytes. Agonist binding to the β-adrenergic receptor
(β-ADR) activates, via Gs, the plasma membrane bound adenylate
cyclase (AC), which catalyzes the conversion of ATP to cAMP . cAMP
activates If and PKA. PKA modulates, via phosphorylation, a number
of cellular substrates, including ion channels, transporters,
exchangers, intracellular Ca
2+-handling proteins, and the contractile
machinery.
DADscaninitiateanactionpotentialandinthiswayberesponsible
for ectopic pacemaker activity. Finally, PKA also phosphorylates
the SR Ca2+ release channel,the ryanodine receptor (RYR2; Shan
et al., 2010). This facilitates SR Ca2+ release and, therefore, may
be proarrhythmic.
THE ATRIA AND ATRIAL FIBRILLATION
Atrial ﬁbrillation can be triggered by changes in autonomic tone.
Coumel originally described vagally mediated AF occurring usu-
ally at night during a period of bradycardia. The atria are richly
innervated by ganglionic plexi and sympatho-vagal nerve tracts.
Experimental studies have shown that pulmonary vein activity
responsible for triggering and potentially maintaining AF, can be
increased by both vagal and sympathetic stimulation (Patterson
et al., 2005). This probably operates through a number of mech-
anisms including shortening action potential duration (APD) by
acetylcholine,increasedCa2+ transientsandCa2+ releasethrough
sympathetic stimulation resulting in increased triggered activ-
ity. This triggered activity is expressed as increased pulmonary
vein ectopic ﬁring. Clinically, stress has been shown to be associ-
ated with an increased incidence of lone AF in combination with
increased caffeine consumption and a Type A personality (Pope
and Smith, 1991; Suarez et al., 1997; Mattioli et al., 2008). In one
studyof400individualspresentingwithaﬁrstepisodeofAF(Mat-
tioli et al.,2008),recent stress,high coffee intake,and obesity were
associatedwithgreaterriskof AF.PatientswhodevelopedAFafter
acute stress showed the highest probability of spontaneous con-
version, and high espresso coffee consumption and obesity were
associated with an increased risk of persistent AF. Type A indi-
viduals are more likely to be hypercholesterolemic and have high
levelsofcirculatingcatecholamineswithdiminishedmononuclear
leukocyte β-adrenergic receptor function. This creates a proar-
rhythmic autonomic milieu in vulnerable atria particularly if
there has been a degree of electrophysiological remodeling in the
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myocardium following prolonged episodes of AF with resultant
shortening of APD and ﬁbrosis to maintain re-entrant wavelet
activity.
HOW DOES EMOTION ENGAGE THE AUTONOMIC CONTROL
SYSTEM
The next question is how does emotion engage the autonomic
control system. Emotion could impact on arrhythmogenesis in
several ways including altered sympathetic/parasympathetic bal-
ance, alterations in the spatial distribution of autonomic input
to the heart, or by causing coronary arterial vasoconstriction and
ischemia.
THE AUTONOMIC SPECIFICITY OF EMOTION
It is a popular belief that increased emotion/stress equates with
adrenaline and hence the sympathetic nervous system. However
this is an over simpliﬁcation and some emotions appear to be
associated with parasympathetic activity. The issue of whether
different emotions are associated with different patterns of auto-
nomic activity and different cortical representation, has been an
ongoing debate since James (1884) originally proposed speciﬁcity
of emotion and Cannon (1927) argued against it. Clinical studies
have identiﬁed anger as the most common emotion precipitat-
ing ventricular arrhythmia (Lampert et al., 2002). For example
in patients with cardioverter deﬁbrillators (ICD), the state of
anger occurred signiﬁcantly more frequently in periods prior to
ICD shocks than during control periods. In contrast this was not
observed for the incidence of anxiety, worry, sadness, happiness,
or feeling in control or being interested (Lampert et al., 2002).
The greater arrhythmogenic effect of anger could be due to either
engaging speciﬁc properties of the autonomic nerves, or simply
due to eliciting a greater arousal response. Support for the former
concept derives from studies which have demonstrated speciﬁc
patterns of autonomic activity for anger and other emotions in
response to emotional facial expressions (Ekman et al.,1983; Lev-
ensonetal.,1990),ﬁlmclips(ChristieandFriedman,2004),andto
therecallofpreviousemotionalexperiences(Rainvilleetal.,2006).
The study by Rainville et al. (2006) incorporated Fourier analy-
sis of the ECG RR tachogram (HRV; Task Force of the European
Society of Cardiology and the North American Society of Pacing
andElectrophysiology,1996)usingthehighfrequencycomponent
(HF–HRV)asameasureofparasympatheticactivity.Theyshowed
thatangerrecallwasassociatedwithanincreaseinheartratebutno
change in HF–HRV suggesting relative dominance of sympathetic
activity, as reported previously in anger by McCraty et al. (1995).
In contrast fear, happiness, and sadness were associated with an
increase in heart rate but a decrease in HF–HRV (parasympa-
thetic activity) suggesting an overall decrease in parasympathetic
activity, or increase in sympathetic/parasympathetic ratio. This is
inkeepingwithareductioninvagaltonereportedinpatientswith
panic attacks (Friedman and Thayer,1998).
Early studies using ambulatory ECG recordings reported sub-
stantial increase in heart rate during a range of real life stressful
situations, with heart rates in the region of 90–100bpm dur-
ing road car driving; in the region of 130bpm during the more
intense mental challenge of public speaking, and between 140
and 180bpm during the extreme stresses of parachute jumping
and racing car driving (Taggart et al., 1983). These observations
accord with the popular belief that mental stress in associated
with an increase in heart rate. However subjects undergoing den-
tal procedures or watching violence on movies have been shown
to develop heart rate slowing despite feeling highly stressed and
concomitant increased circulating levels of catecholamines (Tag-
gart et al., 1983). These observations would be in accord with a
complex interplay between the sympathetic and parasympathetic
limbs of the autonomic nervous systems in response to different
types of emotional input. Overall there is considerable evidence
supporting speciﬁcity whereby different emotions have different
autonomicsignatures(Levensonetal.,1990;Rainvilleetal.,2006).
ASYMMETRIC CENTRAL INPUT TO AUTONOMIC CONTROL SYSTEM
Asymmetric autonomic neural trafﬁc to the heart in response
to emotion could be generated by several cortical upstream
mechanisms.
Considerable evidence suggests that the left and right halves
of the human forebrain are associated differentially with speciﬁc
emotions (Craig, 2005). There is a model that ascribes positive
emotionstotheleftandnegativeemotionstotherighthemisphere
withspeciﬁcneuralpathwaysusedforparticularemotions(Craig,
2005). A similar lateralization is apparent for the cortical con-
trol of cardiac activity (Oppenheimer et al., 1992)w h i c hm a yb e
related directly to predominantly sympathetic effects arising from
the right hemisphere and predominantly parasympathetic effects
arising from the left hemisphere (Wittling, 1995). These conﬂu-
ent asymmetries suggest a neuroanatomical homeostatic model
of emotional asymmetry in which the right forebrain is associ-
ated mainly with sympathetic activity and the left forebrain with
parasympathetic activity (Craig, 2005).
Considerable progress has been made in identifying the central
circuitry of emotional processing in humans and animal models
(Critchleyetal.,2000;Napadowetal.,2008;Critchley,2009;Xavier
et al.,2009). For example diminished coupling bilateral amygdala,
bilateral hippocampus, and Brodmann areas 9 and 45 have been
shown to be associated with increased anxiety and sympathetic
activation in humans supporting regulation by these regions as a
c o n t r o ls y s t e m( Mujica-Parodi et al.,2009).
As indicated earlier, studies suggesting a functional lateral-
ization of right and left sided autonomic nerves on the heart
(Yanowitz et al., 1966) combined with lateralization of emotional
processinginthecortexandipsilateralconveyancethroughbrain-
stem to the autonomic nerves,forms the basis of the“brain–heart
laterality hypothesis” (Lane and Jennings, 1995; Lane et al., in
press). However there is undoubtedly considerable overlap and
inter individual variation in this distribution as well as an exten-
sive intercommunicating epicardial plexus. Nevertheless there is
considerable evidence in support of such an hypothesis (Lane and
Jennings, 1995; Lane et al., in press).
AUTONOMIC EFFECTS ON BLOOD VESSELS: MENTAL STRESS INDUCED
ISCHEMIA
Severe or fatal ventricular arrhythmias occur most commonly
in subjects with ischemic heart disease, usually coronary artery
disease. Myocardial ischemia is known to play a major role in
the initiation and persistence of ventricular arrhythmias (Rubart
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and Zipes, 2005). Mental stress may induce ischemia as a result
of epicardial and/or microvascular constriction together with an
increased oxygen demand (Rozanski et al., 1988; Burg et al.,
1993; Gottdiener et al., 1994; Goldberg et al., 1996). Also, mental
stress may aggravate the effects of ischemia on vasoconstriction
superimposed on already insufﬁcient perfusion.
Extensive experimental work has demonstrated that inade-
quate oxygenated blood ﬂow delivery to the heart muscle rapidly
induces a series of metabolic and electrophysiological changes
(Janse and Wit, 1989) which subsequently may destabilize the
regular heart rhythm by a number of different mechanisms, but
primarily reentry following initiating extrasystoles due to“injury
current” ﬂowing from the normal to the ischemic myocardium
(Janse et al., 1980; Janse and Wit, 1989). Both exercise and emo-
tion are well known to induce ischemia in susceptible individuals
oftenmanifestasthedevelopmentof anginalchestpain.However,
most episodes of mental stress induced ischemia are symptomati-
cally silent (Rozanski et al., 1988; Gottdiener et al., 1994). In the
original study by Deanﬁeld et al. (1984) 12 of 16 patients with
coronaryarterydiseasehadaregionalmyocardialperfusiondefect
(rubidium-82myocardialPETimaging)duringamentalstresstest
(mental arithmetic) indicative of ischemia, but only six patients
had ST depression in the ECG and only four patients had angi-
nal chest pain. This pattern has since been corroborated in many
other laboratories giving rise to the use of the term mental stress
induced “silent ischemia.” Overall the substantial proportion of
patients who develop ischemia during exercise and also develop
ischemiaduringmentalstressisbetween30and50%.Itshouldbe
emphasized that this is the behavior of patients with myocardial
diseaseandnotnormalindividuals.Inthesepatients,duringevery-
day activities mental activities are as potent a cause of ischemia as
exercise, particularly anger (Gabbay et al., 1996).
COMBINATION OF MENTAL STRESS AND ISCHEMIA
Studiesinanimalmodelsdemonstratetheimportanceof thecom-
bination of ischemia with mental stress in the development of
fatal arrhythmias. In canines, the combination of mental stress
with ischemia induced with a coronary artery snare, was a potent
cause of ventricular ﬁbrillation (Verrier, 1990). These studies also
showed that vulnerability was prevented by beta blockade or stel-
lectomyandreducedbyvagalactivity(Verrier,1990).Forexample,
inthestudiesbySkinnerandReed(1981)inpigsthecombination
of mental stress was a much more potent initiator of ventricular
ﬁbrillation (VF) than either stress or ischemia alone. In another
study in canines the combination of a behavioral challenge with
ischemia resulted in a much greater increase in precordial T wave
alternans than either the stress or ischemia separately. Atrial pac-
ing to 180 did not increase T wave alternans, and beta blockade
with metoprolol greatly reduced it (Kovach et al.,2001).
ANGER
Anger has been shown to be the commonest emotion prior to the
onset of ventricular arrhythmia. It is not clear whether this relates
just to the intensity or to differences in the sympathetic response
to anger and other emotions.
In humans, anger as well as other stresses have been shown
to both increase plasma catecholamines (Lampert et al., 2005),
and decrease vagal activity (Bernardi et al., 2000). Creating an
anger like state in a canine model induced an increase in heart
rate, mean blood pressure, and plasma catecholamines, together
with a decrease in the stimulation threshold for repetitive pro-
grammed extrasystoles (Verrier and Hagelstad, 1987). In another
canine model a fear paradigm was created resulting in an elevated
heartrateandmeanbloodpressure.Theangerlikestatewasassoci-
atedwithapredominantriseinplasmanoradrenalinewhereasthe
fearlikestatewasassociatedwithapredominantriseinadrenaline
(Verrier, 1990).
Episodesofangerhavebeenshowntopromotegreaterincreases
in sympathetic activity compared with other emotions (McCraty
et al., 1995; Rainville et al., 2006). Several studies from the lab-
oratory of Lampert and colleagues along with others have char-
acterized the effects of anger on arrhythmogenesis in humans.
As already mentioned anger was shown to be the commonest
emotion prior to ventricular arrhythmia onset in patients with
ICDs. Other mood states were not signiﬁcantly correlated (Lam-
pert et al., 2002). Anger induced T wave alternans in laboratory
testing in patients with ICDs was found to be predictive of future
arrhythmic events suggesting that emotion induced repolariza-
tion instability is one mechanism linking emotion and sudden
death (Lampert et al., 2009). The induction of anger in patients
with coronary artery disease during laboratory mental stress tests
increases the likelihood of developing T wave alternans (Kovach
et al.,2001; Kop et al.,2004). Anger triggered ventricular arrhyth-
mias in patients with ICDs are more likely to be pause dependent
and polymorphic suggesting that anger may create a substrate for
moredisorganizedrhythms(Stopperetal.,2007).Evenangerrecall
in patients mainly with cardioverter deﬁbrillators (CAD) during
non-invasive EP studies can make ventricular arrhythmias easier
to induce and more difﬁcult to terminate (Lampert et al., 2000).
GENETIC PREDISPOSITION
At the brain level, there is an emerging literature relating the
gene–environment interactions determining the neural pattern-
ing responsible for the stress response. Heritability accounts for
30–40% of the variance contributing to risk for mood and anx-
iety disorders as well as post-traumatic stress disorder (Katz and
McGufﬁn, 1993). Childhood exposure to abuse and other early
life adverse events increases risk for the later development of
these conditions. Recent research from a number of areas suggests
that childhood experiences in combination with genetic factors
appear to contribute to alterations in biologically based stress
responsesystems.Forexample,apersistentﬁndinginpatientswith
depression is the elevation of corticotrophin-releasing hormone
(CRH) and arginine-vasopressin neurons in the paraventricu-
lar nucleus (PVN) in comparison to control subjects (Raadsheer
et al., 1994; Purba et al., 1995). Recently, experiments conducted
in a rat model to examine CRH function in the amygdala may
provide insight into these ﬁndings (Keen-Rhinehart et al., 2009).
Genetically modiﬁed lentiviral vectors were introduced into the
central nucleus of the amygdala (CeA) resulting in overexpression
of CRH and arginine-vasopressin within the CeA as well as the
PVN.OverexpressionofCRHinthesestructureswasaccompanied
physiologicallybydecreasedglucocorticoidnegativefeedback,and
behaviorally by increased anxiety-like behavior (acoustic startle
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test) and depressive-like behavior (forced swimming test). These
datasuggestthatunrestrainedCRHsynthesisintheCeAmaypro-
duce dysregulation of the hypothalamic–pituitary–adrenal axis,
which is associated with many of the behavioral, physiological,
and reproductive consequences associated with stress-related dis-
orders. Furthermore, gene association studies associate certain
CRHR1 polymorphisms with depression and suicidality (Licinio
et al., 2004; Liu et al., 2006; Wasserman et al., 2008; Utge et al.,
2010). This indicates that there are genetic factors inﬂuencing the
neurobiology of behavioral and emotional responses including
myocardial electrophysiological responses to emotional stress.
The revolution in molecular genetics has elucidated the patho-
physiological role of speciﬁc cardiac ion channel currents in sud-
denarrhythmicdeaththroughthedetailedevaluationofanumber
of inherited arrhythmia syndromes including Long QT, BrS, and
catecholaminergic polymorphic ventricular tachycardia (CPVT).
Each of these conditions illustrate how abnormalities in the elec-
trical milieu at the ion channel level can inﬂuence the myocardial
response to anger and mental stress (Figure 4).
LONG QT SYNDROME
ThecongenitallongQTsyndrome(LQTS)isaninheriteddisorder
characterized by prolongation of the QT interval and susceptibil-
ity to ventricular arrhythmias and sudden death (Ackerman and
Clapham,1997;Saueretal.,2007).Ithasaprevalenceof1in5000–
6000mainlyarisingthroughmutationsinanumberof cardiacion
channel genes (Morita et al.,2008).
InLQT1andLQT2,mutationsintheIK,s andIK,r channelcom-
plexes respectively reduce the currents leading to prolongation
of phase 3 of the ventricular action potential. Overall prolon-
gation of repolarization time leads to QT prolongation on the
surface ECG. Lethal ventricular arrhythmia in long QT is thought
toarisethroughacombinationof triggeredbeatsduetoearlyafter
depolarizationsandlargespatialgradientsinrepolarization.These
FIGURE 4 | Genetic predisposition to emotion and stress induced
arrhythmias.
create the optimal conditions for the development of functional
block and reentry giving rise to Torsade de Pointes, polymorphic
ventricular tachycardia, and ventricular ﬁbrillation. In LQT3, a
gain of function mutation in SCN5A leads to a situation in which
a small amount of current persists during the plateau phase and
thereby prolongs the action potential and the QT interval.
The triggers for cardiac arrest or syncope seem to track with
speciﬁc LQT subtypes (Schwartz et al., 2001). In LQT1 exercise
accounted for 68% of events but only 15% of events in LQT2.
However, emotional stimuli predominated in LQT2 (51%) but
less so in LQT1 (28%). Sleep and rest without arousal acted as a
trigger in 55% of LQT3 cases.
Anassociationbetweenstressfullifeconditionsandarrhythmic
events has been demonstrated recently in LQT subjects (Hintsa
et al., 2010). Symptomatic patients with LQTS had experienced
more stressful life conditions and the level of vital exhaustion as a
measureofchronicstresswasmorethanthreetimeshigheramong
patients with LQTS with arrhythmic events than in asymptomatic
LQTS mutation carriers.
A study of QT and RR intervals during the stages of sleep
in LQT1 and LQT2 patients revealed that women with LQT2
developed signiﬁcant prolongations in QT interval and RR short-
ening during the transition from NREM (autonomically stable)
to REM (autonomically unstable) sleep which were not observed
in LQT1 patients or males with LQT2 (Lanfranchi et al., 2010).
This is clinically important since it is recognized that 49% of
LQT2 patients die during sleep/rest or have arrhythmic events
that are triggered by unexpected acoustic stimuli during rest or
sleep (Schwartz et al.,2001). This demonstration of large ﬂuctua-
tions in QT and RR intervals during sleep gives an indication that
the autonomic instability and IK,r mutations conspire to induce
ventriculararrhythmiainthispopulation.Thisstudyalsosuggests
that the abnormal IK,r channel characteristics in LQT2 may not
be the only explanation for sudden death and that differences in
autonomic patterning are critical. This could be interpreted that
themutationcreatesthesubstrateof thearrhythmia,buttheauto-
nomicnervoussystemisamodulatingfactorthatleadstothefatal
triggers.
BRUGADA SYNDROME
The BrS is characterized by a triad of right bundle branch block
(RBBB), ST elevation in the right precordial leads and lethal ven-
tricular arrhythmia and is one of the important causes of sudden
cardiac death in the young, accounting for about 20% of all cases
(Wilde et al., 2002). The molecular basis remains uncertain as
ion channel mutations have only been identiﬁed in a maximum
of 30% of cases (Grant, 2005) and the role of structural aberra-
tions is increasingly recognized (Coronel et al., 2005; Hoogendijk
et al., 2010). This is quite remarkable when it is considered that
the absence of structural abnormalities has been deﬁned as a
key factor in the diagnosis of BrS (Wilde et al., 2002). In BrS
dynamic changes in J point elevation and ventricular arrhyth-
mia are induced by increased vagal tone (Nakazawa et al., 2003).
These authors reported that high vagal tone and low sympathetic
tone are speciﬁc properties of symptomatic BrS by analysis of
HRV using Holter ECG recordings. Dynamic changes in J point
elevationaremoreprominentatnightparticularlyinpatientswith
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previousVF. The precise relationship between vagal tone and pro-
arrhythmia is subject to debate. Increased vagal tone is thought
to reduce the Ca2+ transient during phase 2 of the action poten-
tial resulting in increased transmural dispersion of repolarization.
Then during phase 2 parts of the myocardium may have shorter
action potentials.When current can ﬂow between closely apposed
areas with longer and shorter action potentials, triggered activity
erroneously labeled as phase 2 reentry may ensue giving rise to
arrhythmias. Equally increased autonomic tone may exaggerate
apical–basal APD gradients promoting increased tissue hetero-
geneities in conduction and repolarization leading to wave break
and VF. There is debate on whether BrS should be considered a
conduction or repolarization disease (Wilde et al., 2010).
CATECHOLAMINERGIC POLYMORPHIC VENTRICULAR TACHYCARDIA
Catecholaminergic polymorphic ventricular tachycardia is a con-
ditionwhichcausesventriculararrhythmiainsituationsofheight-
ened adrenergic drive, speciﬁcally anger and exercise (Coumel
et al., 1978; Leenhardt et al., 1995). The patient, usually a child
or young adult, develops bidirectional ventricular tachycardia or
polymorphic ventricular tachycardia under conditions of exercise
oracutestressimplicatinganadrenergicallytriggeredmechanism.
The molecular deﬁcit lies in the intracellular cycling of sarcom-
eric Ca2+ (Lahat et al., 2004; Györke, 2008; Cerrone et al., 2009).
Although it is generally agreed that CPVT mutations lead to
increased Ca2+ leak in the cytoplasm, the precise molecular, and
biophysical mechanisms remain to be fully resolved. Three prin-
ciple hypotheses have been proposed (i) enhanced store overload
induced Ca2+ release (ii) hyperactivity of the RyR2 receptor (iii)
FKB12.6 RyR2 binding protein disruption – under conditions of
adrenergic stress this complex is disrupted due to PKA phospho-
rylation and prevents the RyR 2 channel from remaining closed in
diastole.
SUMMARY
Ample evidence implicates anger together with other emotions
and mental stress in playing a signiﬁcant role in arrhythmias
and sudden death. The mechanisms involved embrace neuro-
science, physiology of the autonomic nervous system and cardiac
electrophysiology which are usually investigated and reported by
investigators from different disciplines. Growing evidence favors
speciﬁc cortical representation of emotions in concert with auto-
nomic reﬂexes and the molecular physiology of the myocardium.
Feedback mechanisms from heart to brain probably play a signiﬁ-
cantmodulatoryrole,particularlyinpathologicalconditions.Such
ahighlyinterdependentschemacouldberegardedasacontrolsys-
tem underlining the importance of an interdisciplinary approach
to this ﬁeld.
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